Considering the expensive radio frequency (RF) chain, huge training overhead and feedback burden issues in massive MIMO, in this letter, we propose a mixed-timescale per-group hybrid precoding (MPHP) scheme under an adaptive partiallyconnected RF precoding structure (PRPS), where the RF precoder is implemented using an adaptive connection network (ACN) and M analog phase shifters (APSs), where M is the number of antennas at the base station (BS). Exploiting the mixed time stage channel state information (CSI) structure, the joint-design of ACN and APSs is formulated as a statistical signal-to-leakage-and-noise ratio (SSLNR) maximization problem, and a heuristic group RF precoding (GRFP) algorithm is proposed to provide a near-optimal solution. Simulation results show that the proposed design advances at better energy efficiency (EE) and lower hardware cost, CSI signaling overhead and computational complexity than the conventional hybrid precoding (HP) schemes.
I. INTRODUCTION
M ASSIVE multiple-input multiple-output (MIMO), in which the base station (BS) is equipped with M 1 antenns, has been a pivotal technology for the forthcoming fifth-generation (5G) cellular system [1] . However, employing the conventional digital precoding in massive MIMO requires a large number of radio frequency (RF) chains, which induces huge hardware cost and power consumption. To overcome this problem, the concept of hybrid precoding (HP), consisting of both digital and analog precoding, is proposed in [2] .
The architecture of HP depends heavily on the antenna structure. Existing HP schemes are primarily based on the fullyconnected RF precoding structure (FRPS) [3] , [4] , where each RF chain is connected to every antenna through analog phase shifters (APSs) and RF adders. The requirement for a large number of APSs and RF adders increases the hardware cost and power consumption. To address this problem, a partially-connected RF precoding structure (PRPS) is proposed in [5] , [6] such that each RF chain is only connected to a subset of antennas. Under such a PRPS, [7] proposes an adaptive hybrid precoding (AHP) scheme implemented by an adaptive connection network (ACN) and M APSs, where both the RF precoder and baseband precoder are adaptive to the real-time full channel state information (CSI). However, it is very difficult to obtain such full CSI in frequency division duplexing (FDD) massive MIMO limited number of pilots. In [3] and [8] , a mixed-timescale HP scheme is proposed, where the RF precoder is adaptive to the second order channel statistics, and the baseband precoder is adaptive to the reduced-dimension effective CSI. Such a mixedtimescale design addresses the issue of insufficient pilot symbols in the training stage. However, it is studied only under the FRPS, which has high hardware complexity and cost.
In this letter, we propose a mixed-timescale per-group hybrid precoding (MPHP) scheme under an adaptive PRPS. In the long term, the RF precoder is optimized through the maximization of a statistical signal-to-leakage-and-noise ratio (SSLNR) and a low complexity group RF precoding (GRFP) algorithm is proposed to provide a near-optimal solution. In the short term, the zero-forcing (ZF) precoder is employed adaptive to the low-dimensional realtime effective CSI. Simulations are presented from the aspects of average rate, energy efficiency (EE) and fairness. Analyzed the feedback burden and complexity, the proposed design can achieve better EE but with significant reduction of the hardware cost, CSI signaling overhead and computational complexity.
II. SYSTEM MODEL

A. Multi-user Massive MIMO System with an adaptive PRPS
Consider a downlink (DL) multi-user massive MIMO system with limited RF chains. The system consists of a BS with M 1 antennas, L transmit RF chains and K single-antenna users, where K ≤ L < M . Let M and L denote the antenna set and RF chain set, respectively, where |M| = M and |L| = L.
For clarity, we focus on the case when L = K. To support simultaneous downlink transmissions to the K users with L = K RF chains, we employ a two-stage precoding structure Q = FW as illustrated in Fig. 1 , where F ∈ C M ×L is the RF precoder implemented by an ACN and M APSs. Specifically, each antenna is only connected to one RF chain through one APS, and the l-th RF chain is connected to N l antennas through N l APSs, where L l=1 N l = M . The connection between the RF chains and antennas can be dynamically adjusted using an ACN, which is essentially a programmable RF switch. The joint-design of the ACN and APSs is achieved by optimizing the RF precoder F based on the channel statistics, where the locations of non-zero elements in F determine the ACN (the connections between the antennas and the RF chains in the ACN) and the phases of the nonzero elements decide the phases of APSs. The baseband precoder W ∈ C L×K is adaptive to the real-time effective CSI with respect to the L RF chains. With MPHP, the received DL signal for all K users can be represented as
where 
... 
B. Spatial Channel Model and User Grouping
We consider a block fading channel where the channel matrix remains constant within each block and changes at the boundary of the block according to a general distribution. For each user k, the spatial correlation matrix R k ∈ C M ×M is defined as
In practice, users with similar angle-of-departure (AoD) distributions can exhibit similar spatial correlation matrices. Users are partitioned into different groups by the similarity of R k by a user grouping algorithm. Let G denote the group set and S g be the user set of group g with |G| = G and |S g | = S g , where S g is the number of users in group g. After user grouping, the average spatial correlation matrix of group g is R g = 1 Sg k∈Sg R k , ∀g ∈ G. Assume users are classified into G groups by an appropriate grouping method 1 , let L g be the RF chain set of group g with |L g | = S g . Without loss of generality, we assume that the index sets of users and RF chains of the g-th group are given by
S j }, respectively. Then, the channel matrix can be written as
Similarly, the RF and baseband precoding matrix can be denoted as
is the RF precoding matrix for group g, and W g = [w k ] k∈Sg ∈ C Sg×Sg with w k = 1 is the baseband precoder for group g. Then, the signal received by the users in group g can be written as
is the data vector of the g-th group, P g = diag(p g−1 j=1 Sj +1 , . . . , p k , . . . , p g j=1 Sj ) with p k = P K Fgw k 2 , ∀k ∈ S g is a power normalization matrix of group g to ensure that the total transmit power is P , and n g ∼ CN (0, I Sg ) is the additive white Gaussian noise vector. The downlink signal-tointerference-plus-noise ratio (SINR) of user k in group g is given by 1 The proposed MPHP utilizes the user grouping algorithm in [9] .
Then, the corresponding achievable rate of user k ∈ S g , ∀g ∈ G can be represented as
III. PROPOSED HYBRID PRECODING SCHEME A. Short-Term Baseband Precoding For a given RF precoding matrix F g , a simple ZF precoder [10] is employed at the baseband to eliminate the intra-group interference based on the knowledge of the low-dimensional effective CSI
B. Optimization Formulation for Long-Term RF Precoding
Instead of optimizing the SINR-related performance, which would lead to a difficult non-convex optimization problem, we focus on the signal-to-leakage-and-noise ratio (SLNR) related performance metric. SLNR has been widely used as a performance metric for low-complexity and near-optimal precoder design in conventional MIMO downlink systems. The SLNR for user k in group g is defined as
Since the RF precoder is optimized based on spatial channel correlation matrices, it is natural to consider the average SLNR E[SLNR k ] as the performance metric. However, it is difficult to obtain the closed-form expression for E[SLNR k ]. Therefore, we derive a closed-form lower bound approximation of E[SLNR k ] as follows.
Note that ∀k ∈ S g , w k is independent of h k 2 and h i , i / ∈ S g , and Tr(F g F H g ) = S g 3 . Assume that the spatial correlation matrices of the users in the same group are identical, i.e., R k = R g , ∀k ∈ S g , ∀g ∈ G 4 , and E[w k w H k ] = I Sg Sg , which is true when F H g R g F g = I Sg 5 . Then, the lower bound of the average SLNR of user k in group g can be approximated as
where (6) follows the Mullen's inequality [12] and the inequality (7) is due to Tr(AB) ≤ Tr(A)Tr(B) [13] . Note that all users in 2 This is because when the number of users Sg is equal to the dimension of the effective channel Hg in group g, the ZF precoding vector w k for user k is given by the unit vector along the direction orthogonal to the other users' channel vector h j , j = k, j ∈ Sg. 3 Without loss of generality, the magnitude of each element of F is assumed to be 1 √ M . Therefore, Tr(FgF H g ) = M Sg M = Sg. 4 Here, R k = Rg is only used to provide a theoretical justification for the performance metric (SSLNR) of RF precoding design and similar assumptions can also be found in [3] and [11] . 5 In practice, E[w k w H k ] = I Sg /Sg can be approximately satisfied when F H g RgFg has a good condition number (i.e., the ratio between the maximum and the minimum eigenvalues of F H g RgFg is not large compared to 1).
group g share the same lower bound of the average SLNR and we call SSLNR g in (8) the statistical SLNR (SSLNR) of group g. It is expected that a good RF precoder can be found by maximizing the minimum SSLNR of all groups as follows:
Assuming that B bits quantized APSs are applied to the ACN, (9) presents the feasible phases and f m,l = 0 means that no APS is selected between the l-th RF chain and the m-th antenna. Meanwhile, as restricted by the architecture in Fig. 1 , constraint (10) restricts that each antenna is only connected to one RF chain through one APS, while constraint (11) ensures that at least one APS is connected to the l-th RF chain.
C. Joint-Design for ACN and APSs (RF Precoder Optimization)
Problem P is very challenging since it involves both the nonconvex objective and constraints as well as discrete optimization variables. To tackle these challenges, we resort to a heuristic algorithm called the GRFP algorithm, which first finds the optimal RF precoder with relaxed constraints, then approximately "projects" the relaxed solution to the constraint set of P by properly choosing the ACN connection and analog phases. Consider the following relaxed problem of P : P : max {Fg} min g∈G SSLNR g s.t. (11) . P can be decomposed into G independent subproblems as
For g = 1, . . . , G, P g is equivalent to the following problem:
Then, the constraint SSLNR g ≥ α g can be rewritten as
where R g = g =g S g S g R g . Since P g is still non-convex, α g and F g , ∀g ∈ G are iteratively solved using the following process. Given α g , the optimal solution to P g can be obtained by solving
where the diagonal elements of D g (α g ) are in descending order. Then, the optimal solution to (15) is
where U g (α g ) ∈ C M ×Sg consists of S g dominant eigenvectors of U g (α g ) corresponding to S g largest eigenvalues in D g (α g ), Λ g (α g ) is a diagonal matrix with the i-th diagonal element given
is the i-th largest eigenvalue in D g (α g ). Then, the corresponding optimal value of problem P g is given by
Finally, the maximum feasible α g , denoted by α * g , can be found by solving the following equation using the bisection method:
(18) The corresponding optimal RF precoder for P is F * g = F * g (α * g ). However, the obtained F * g does not satisfy the discretization of the analog phases in (9) and the antenna structure limitations in (10), (11) . Based on the relaxed solution F * g , we use a greedy method to assign the M available APSs to form the M non-zero elements of F. Details are found in the following Algorithm 1.
Algorithm 1: Group RF Precoding (GRFP)
Input: APS quantized bits B, spatial correlation matrices {Rg}, ∀g ∈ G, user groups set Sg, group quantity G and antenna quantity M . Output: RF precoding matrix for the g-th group Fg. 1 : ∀g ∈ G, Fg = 0. 2 : Calculate α * g , F * g ∈ C M ×Sg for group g, ∀g ∈ G according to (16)-(18). 3 : Sort α * g , ∀g ∈ G in ascending order and denote the index of the sorted group as t(j), j = 1, . . . , G. 
IV. SIMULATION RESULTS
In this section, numerical simulations are presented and compared with the conventional HP using real-time full CSI [10] , the conventional HP with mixed time stage CSI [3] 6 , the AHP utilizing the real-time full CSI [7] , and the HP scheme under the PRPS utilizing the real-time full CSI [6] . A typical downlink of an FDD multi-user massive MIMO system is considered. There are 8 users distributed in a circular cell over a distance of [35, 500] meters. The downlink channel is generated using the spatial channel model (SCM) in 3GPP [14] . Users are partitioned into 3 groups using the grouping algorithm in [9] according to the similarity of the spatial correlation matrices. The total transmit power at the BS is defaulted as P = 1 W and L = K. Fig. 2(a) plots the average achievable rate per user against M . The achievable rate increases with the number of antennas at a similar rate. The conventional HP with real-time full CSI in [10] exhibits the highest average achievable rate, while with statistical CSI, the rate is slightly lower for both FRPS and adaptive PRPS due to lack of instantaneous CSI. In contrast to the baseline partially-connected & real-time full CSI, the proposed scheme achieves higher per-user achievable rate due to the selection gain by the ACN. Fig. 2(b) presents EE comparison, where EE = SR/(P + P BB + LP RF + N APS P APS ) and the value of each parameter defined accords to that in [15] . Note that the total power consumption depends on the number of required APSs N APS , which is M L for the FRPS, and M otherwise. It can be seen that the EE of the proposed HP scheme is much higher than that of the two baseline schemes under the FRPS, which reveals that the adaptive PRPS is more efficient in energy cost. As for the partially-connected & real-time full CSI method, although it exhibits the similar hardware cost, its EE is much lower than the proposed scheme when the signal-to-noise ratio (SNR) is less than 10 dB, which is the typical SNR region in practical massive MIMO systems. Note that this baseline achieves a higher EE when SNR is larger than 10 dB because it benefits more from the real-time full CSI for higher SNR. In Fig. 2(c) , we show the sum and worst user throughput comparisons of different schemes. The results show that the conventional HP under the FRPS can achieve a better throughput performance. The worst user throughput of the proposed MPHP is higher than that of the AHP [7] and the partially-connected scheme [6] . Moreover, the Jain's fairness index of the proposed MPHP's is (
k ) = 0.9518, while that of AHP is 0.8202. Furthermore, the comparisons of the computational complexity and CSI feedback overhead are presented in TABLE I. Let T denote the coherence time of the channel statistics. The proposed MPHP only updates the RF precoder once for T time slots with the knowledge of R g , ∀g ∈ G, while the shortterm precoder is calculated for each time slot with the reduceddimension CSI H g , ∀g ∈ G. The feedback overhead of H g and the spatial correlation matrices for T time slots are T S 2 g and Z, respectively, where Z ≤ KM 2 (this is because we only need to feedback the dominant eigenvalues and eigenvectors of each covariance matrix). However, the AHP & real-time stage CSI requires the instantaneous CSI H with feedback M KT . Therefore, the longer T is, the lower the computational complexity and feedback that can be achieved by the proposed MPHP.
In summary, the proposed MPHP has a higher EE than the conventional HP in [3] , [10] and the HP scheme in [6] , and a lower complexity and feedback overhead than the conventional HP, AHP, and the HP scheme in [6] utilizing the real-time full CSI. Therefore, the proposed MPHP can achieve a good tradeoff between the performance, complexity and CSI signaling overhead, which makes it an attractive solution in practice.
V. CONCLUSIONS
In this letter, a mixed-timescale per group HP structure is proposed to reduce the CSI signaling overhead under the adaptive PRPS in multi-user massive MIMO systems. A GRFP algorithm is also proposed to solve the RF precoder optimization problem under the MPHP structure. Future work can be done on designing a more efficient grouping algorithm for the MPHP to further improve the performance.
